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Hepatitis E virus (HEV) is responsible for sporadic cases as well as large epidemics of acute viral hepatitis in many
developing countries. The nucleotide sequence of HEV appears to be unique among known viruses and thus may represent
a prototype human pathogen in a novel class of single-stranded, positive-sense RNA viruses. To facilitate further studies
of the biology of HEV, a tissue culture system using a serum-free medium formulation has been developed to propagate
the virus in vitro. Hepatocytes were isolated from livers of cynomolgus macaques experimentally infected with a HEV (Burma
strain) inoculum and maintained in long-term cultures. Using a highly strand-specific RT–PCR assay, both the positive-sense
and the negative replicative strands of HEV RNA were detected in these hepatocytes throughout the course of the experi-
ments. Positive-strand genomic RNA was also detected in the culture medium, suggesting the production and secretion of
HEV virus particles. The virus particles were successfully concentrated 200-fold from the medium using ultrafiltration, and
they could be observed by immunoelectron microscopy using anti-HEV-positive immune serum. These results demonstrate
the capacity of this hepatocyte culture system to replicate HEV in vitro, thus providing an experimental means to study the
replicative process of the virus. q 1996 Academic Press, Inc.
INTRODUCTION feature of hepatitis E is the high mortality rate among
infected pregnant women which may reach up to 20%,
Hepatitis E virus (HEV), the most recently identified
particularly in the third trimester of pregnancy (Purcell
and molecularly characterized hepatotropic virus, is a
and Ticehurst, 1988; Zhuang et al., 1991).single-stranded, positive-sense RNA virus (Reyes et al.,
HEV has been provisionally described as calicivirus-1990; Tam et al., 1991). HEV is the major causative agent
like, since they share biophysical similarities such asof enterically transmitted non-A, non-B hepatitis (Khuroo,
virion size and morphology, virus particle sedimentation1980; Wong et al., 1980). Large epidemics of hepatitis E
coefficient, and buoyant density (Bradley and Balayan,have been reported in many of the developing countries
1988; Bradley et al., 1988a,b). However, nucleotide se-in southeast Asia, Africa, and the former Soviet Union
quence analysis of HEV RNA showed no significant ho-(Krawczynski, 1993), with the most recent major outbreak
mology to members of the Caliciviridae (Tam et al., 1991).affecting close to 120,000 people in the Xinjiang Uighur
Initial genome characterization also revealed a differentregion in northwest China between 1986 and 1988 (Zhu-
domain composition between HEV and calicivirus in theang et al., 1991). The source of disease can generally
nonstructural gene coding region (Koonin et al., 1992).be traced to fecally contaminated drinking water. These
HEV presently remains unclassified. Even though it hasepidemics frequently occur after the rainy season, typi-
been successfully passaged in a number of nonhumanfied by the Xinjiang outbreak following a flood. HEV, how-
primate species, especially the cynomolgus macaqueever, is also implicated in a significant percentage of
(cyno), little is known about the virally encoded proteinssporadic acute hepatitis cases in endemic regions.
or the replicative strategy of the virus. Further progressAmong cases of clinically overt disease, young adults of
in studying the biology of HEV has been hampered by a15–40 years of age are most at risk. Acute hepatitis E
lack of a culture system suitable for propagating the virusinfection is usually of mild-to-moderate severity and self-
in vitro.limiting. However, HEV-induced fulminant hepatitis has
Recently, a reliable culture system using a serum-freealso been reported, and one striking yet unexplained
medium (SFM) supplemented with growth factors and
hormones capable of maintaining highly differentiated1 To whom correspondence and reprint requests should be ad-
primate liver cells for over 100 days was described (Jacobdressed at Genelabs Technologies, Inc., 505 Penobscot Dr., Redwood
City, CA 94063. Fax: (415) 368-0709. et al., 1989, 1991; Lanford et al., 1989). Long-term propa-
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gation of baboon as well as chimpanzee hepatocytes were perfused first with a Hanks’ BSS-based buffer con-
taining EGTA to remove blood and blood cells and thenwas demonstrated with the use of this defined serum-
free medium. Extensive studies have demonstrated the with collagenase to dissociate the hepatocytes. The iso-
lated liver cells were subsequently plated at a density ofutility of this system for analysis of lipoprotein metabo-
lism (White et al., 1993, 1994; White and Lanford, 1994). 1 1 106 cells/ml in collagen-coated six-well plates or T75
culture flasks for collection of a large volume of cultureSubsequent experiments extended the application of the
hepatocyte culture technology to the establishment of an media. Hepatocytes were allowed to attach for 3 hr in
William Medium E (WME) containing 5% fetal bovine se-in vitro infection system using the hepatitis delta virus
(HDV) (Sureau et al., 1991, 1992, 1993). More recently, rum in 10% CO2 at 377. The cell monolayer was then
washed once with WME and changed to SFM supple-replication of hepatitis C virus (HCV) following in vitro
inoculation of chimpanzee hepatocytes was demon- mented with hormones and growth factors (Lanford et
al., 1989). Complete medium change was performed afterstrated using a novel strand-specific reverse tran-
scriptase–polymerase chain reaction (RT–PCR) assay 24 hr and thereafter at 48-hr intervals. These hepatocyte
isolations resulted in two infected cultures designated(Lanford et al., 1994).
In the present study, we have undertaken to adapt the 27MEB (CY 11708) and 32MEB (CY 11706).
SFM hepatocyte culture system to replicate HEV in vitro.
RNA extraction and strand-specific RT–PCRWe report here the establishment of cyno hepatocyte
cultures from infected livers of two animals inoculated Hepatocytes and culture media were harvested on the
indicated days postisolation (see Results). Typically, ain vivo. The liver cells isolated following the detection of
a rise in serum alanine aminotransferase (ALT) levels 50-ml-media aliquot and associated cells were extracted
separately for RNA using RNAzol B (Tel-Test, Inc.,were examined for their ability to propagate HEV in cul-
ture. To monitor the replication process of the hepatitis Friendswood, TX). Media and total cellular RNA (1/12 of
a single well culture of six-well plates, or approximatelyE virus, a highly strand-specific (RT–PCR) assay similar
to that used to detect HCV (Lanford et al., 1994) was 81 104 cells) were analyzed for the presence of positive-
and negative-strand viral RNA molecules using a highlyused to detect the putative replicative negative strand of
the virus. In this report, we present evidence that this strand-specific RT–PCR assay similar to one previously
described for HCV (Lanford et al., 1994). For HEV, thehepatocyte culture system is capable of supporting HEV
replication and production of infectious virus particles rTth enzyme (Perkin–Elmer, Norwalk, CT) and its Mn2/-
dependent RT activity was used for detection of bothover extended periods.
strands of RNA. Strand specificity was conferred by the
use of appropriate opposite-strand oligo primers in theMATERIALS AND METHODS
synthesis of single-stranded cDNA products. The rTth RT
HEV inoculation of cynomolgus macaques activity was inactivated by the addition of EGTA to che-
late the Mn2/ ions. PCR amplification of 35 cycles wasCyno monkeys were housed at the Southwest Founda-
performed after the addition of Mg 2/ and the opposingtion for Biomedical Research (SFBR). Prior to in vivo inoc-
PCR primer. A 542-bp region in opening reading frameulation, these animals had not been knowingly exposed
1 (ORF1) of HEV was amplified in both the positive- andto any hepatotropic viruses, including the hepatitis E vi-
the negative-strand assays. Primer EF1 (100 ng per reac-rus. Baseline serum ALT levels were established prior
tion) served as the forward-sense primer in the RT reac-to inoculation. Two cynos (CY 11706, CY 11708) were
tion in the negative-strand assay (see Fig. 1) and has theinoculated intravenously (iv) with 1 ml each of a proven
following sequence: 5*-GCATCGCCCTCTACTCCCTT-3 *.infectious 10% (w/v) stool sample from a third-passage
A negative-sense, reverse primer, ER2, was used tocyno (73) infected with HEV-B (Burma strain) (Bradley et
prime cDNA synthesis in the positive-strand assay andal., 1987; McCaustland et al., 1991). The ALT activities of
has the following sequence: 5*-TAAACGGGAGCAGCA-each animal were then followed to ascertain an elevation
AAAGGC-3 *. The appropriate opposite-strand primerindicative of disease. Liver wedge biopsy was performed
(100 ng) was then added in the subsequent PCR reactionon the cynos at the time of significant ALT rise using
to amplify the target fragments. rTth cDNA synthesis wasstandard surgical procedures (Eichberg, 1985). All animal
carried out at 707 for 15 min after annealing of the primerswork was carried out under protocols approved by the
at 607. cDNA products were PCR-amplified for 35 cyclesSFBR institutional animal care and use committee.
as follows: denaturation at 947 for 1 min 20 sec, primer
annealing at 607 for 2 min, and extension at 727 for 3Hepatocyte isolation and culture
min. Twenty percent of the PCR product was analyzed
by agarose gel electrophoresis and Southern blot hybrid-Hepatocytes were isolated from liver wedges obtained
at the time of biopsy as previously described (Jacob et ization with a 32P-labeled probe internal to the PCR
primers.al., 1989; Lanford et al., 1989). Briefly, the liver wedges
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FIG. 1. Schematic drawing depicting the design of the strand-specific RT–PCR assay for detection of positive- and negative-strand HEV RNA
independently. (A) Negative-strand assay: forward primer, EF1, is used to make a cDNA copy of HEV negative-strand RNA with the Mn2/-dependent
RT activity of the thermostable rTth enzyme at 707. (B) Positive-strand assay: reverse primer ER2 is used to synthesize cDNA copies of the positive-
strand HEV genomic RNA. After termination of the RT reaction by the addition of EGTA, appropriate opposing strand primers were added with Mg 2/
for the PCR amplification of the cDNA using the Mg 2/-dependent DNA olymerase activity of rTth.
Plasmid construction for transcription of synthetic unit with a 300,000 MW cutoff membrane (XM-300) under
nitrogen for a final concentration of approximately 200-RNA
fold. Aliquots of unconcentrated and concentrated media
The sensitivity and specificity of the strand-specific were assessed by RT–PCR.
RT–PCR assays were controlled by the use of highly
Immunoelectron microscopypurified positive- and negative-strand synthetic RNA gen-
erated from in vitro transcription of a pBLUESCRIPT (Stra- Virus-containing concentrated tissue culture media
tagene, San Diego, CA) construct, pBET4.1, containing a were inactivated by addition of formalin (37% aqueous
1182-bp insert of HEV ORF1 sequence (nt 52 to 1234) solution of formaldehyde) to a final concentration of
(Tam et al., 1991). In vitro RNA transcripts were synthe- 0.02% (v/v). The formalin-treated media were incubated
sized using either T3 or T7 RNA polymerase after linear- at 377 for 2 weeks, at the end of which thimerosal was
ization of the plasmid. Synthetic HEV RNA was gel puri- added to 1.0% (v/v) to neutralize the excess formalin. The
fied, DNase-treated twice, and then diluted in negative formalin-inactivated HEV particles were then examined
control total cellular RNA prior to use. Amplification of 1 by immunoelectron microscopy (IEM) with the use of a
and 10 fg of the correct and 100 fg of the incorrect strand total serum IgG preparation derived from a convalescent
of synthetic RNA was routinely carried out as controls in phase hyperimmune cyno experimentally infected with
each strand-specific RT–PCR assay. HEV-B. Total IgGs were obtained using the E-Z-SEP anti-
body purification kit (Pharmacia Biotech, Piscataway, NJ).
Concentration and purification of tissue culture- Similarly purified total serum IgGs from matched preinoc-
derived HEV ulation sera from the same animal served as the negative
control in the IEM experiment. IgG antibodies were usedCulture medium harvested from T75 flask cultures on
at a 1:100 dilution for these studies.days of SFM changes was initially filtered through a 0.22-
mm membrane to remove debris and was then concen- RESULTS
trated and buffer-exchanged through a Millipore Prep/
Sensitivity and specificity of strand-specific HEV RT–Scale TFF (tangential flow filtration) cartridge (Millipore
PCR assaysCorp., Bedford, MA) with a 300,000 kDa MW cutoff mem-
brane. A 50-fold concentrated sample in sterile PBS was As a single-stranded, positive-sense RNA virus, repli-
cation of HEV is presumed to involve the synthesis of acollected and further concentrated in an Amicon filter
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from 10 pg of positive-strand RNA in the negative-strand
assay, giving it at least a 10,000-fold differential in ampli-
fication specificity. For the positive-strand assay, a de-
tectable signal was amplified from 10 pg of synthetic,
negative-strand RNA, similar to that obtained from 1 fg
of positive-strand RNA. Even with this 1 log lower strand
specificity compared to the negative-strand assay, the
positive-strand assay proved to be very useful over the
concentration range needed for the analysis of the exper-
imental samples.
Incorrect PCR products due to self-priming of the RNA
or false priming by trace contaminations of nucleic acids
to yield cDNA in the absence of oligo primers in the RT
reaction were not observed. Additionally, no signal was
detected when the rTth enzyme was omitted from the RT
reaction but included during PCR, thus indicating the
absence of HEV plasmid DNA. Even though the assaysFIG. 2. Strand-specific RT–PCR analysis of synthetic HEV RNAs. In
vitro transcripts of positive- and negative-strand HEV RNAs were pre- were not designed to be quantitative, an input template
pared and diluted as described under Materials and Methods. Reverse concentration-dependent differential PCR signal was
transcription of the synthetic RNAs and PCR amplification for 35 cycles generally observed for the 1-, 10-, and 100-fg RNA
were carried out as described in the text. Amplified DNA products were
samples.analyzed by agarose gel electrophoresis and Southern hybridization
with a 32P-labeled probe internal to the amplification primers. Strand
Detection and duration of virus replicationspecificity of the RT–PCR was demonstrated in both (A) the positive-
strand and (B) the negative-strand assays. Both assays detect correct As shown in Fig. 3, both the positive and the negative
strand input RNA at 1 fg level and confer strand specificity over the replicative strands of HEV RNA were detected from the
experimental concentration range. Neg indicates negative control sam-
cultured hepatocyte cellular RNA starting on Day 1 post-ples containing unrelated total cellular RNA that was used to dilute the
isolation (p.i.). The positive-strand signal appeared to in-synthetic RNA transcripts.
crease slightly over the first 2 weeks and reached a
maximum around Day 14 p.i. and remained constant
through Day 27 in the 27MEB experiment. HEV negative-full-length negative-strand intermediate which would in
turn serve as template to generate additional viral geno- strand RNA was consistently present throughout, sug-
gesting virus replication was being sustained. In the sub-mic copies. Demonstration of the negative replicative
RNA strand would then provide convincing evidence for sequent 32MEB hepatocyte culture experiment, the in-
fected liver cells were maintained in culture for 65 days.viral replication by such a mechanism. In order to inde-
pendently detect the positive and negative strands of Both intracellular HEV positive- and negative-strand RNA
were detectable up to the last day of culture (data notHEV RNA in a sensitive manner, a strand-specific RT –
PCR assay was devised using highly purified synthetic shown). In contrast, PCR signals were observed only for
positive-strand HEV RNA from the culture media of bothRNA molecules. These positive- and negative-strand syn-
thetic RNAs, obtained from in vitro transcription of the 27MEB and 32MEB. The apparent amount of positive-
strand HEV RNA was found to be low during the first fewplasmid pBET4.1, were used to develop and optimize
the strand-specific RT–PCR assays. The design of the days p.i., but increased to a maximum level by Day 6
and remained elevated thereafter. As expected, negative-assays is illustrated in Fig. 1. T7 or T3 transcripts were
generated from an identical region of the HEV genome. strand RNA was not detected from any of the cell-free
culture supernatants. Duplicate cultures were analyzedThe sensitivity and specificity of the PCR assays were
demonstrated (Fig. 2) over a 6-log concentration range throughout the rTth RT–PCR assays, generating quite
consistent amplification signals in most cases. Theseof synthetic RNA. All synthetic RNA amplifications were
carried out in the presence of negative control cellular results demonstrate that the in vivo-infected hepatocytes,
after isolation and placement into tissue culture, wereRNA to mimic conditions used to monitor HEV RNA in
infected hepatocytes. A positive signal using 1 fg (ap- capable of continuing to support the replication of HEV
over the 9–10 week course of these experiments.proximately 1500 molecules) of either positive- or nega-
tive-strand RNA was routinely detected using this assay.
Purification and concentration of virus from tissueThe negative-strand assay, however, consistently yielded
culture mediaa slightly better sensitivity, as shown by the faint hybridiz-
ing signal from 100 ag of negative-strand synthetic RNA 32MEB culture media harvested from selected days of
SFM changes were processed and concentrated by thetemplate. No hybridization signals could be detected
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the 1000-fold-diluted sample. A comparison of the PCR
signal from 50 ml of 100-fold-diluted media concentrate
to the 1-fg synthetic RNA standard (approximately 1.5 1
103 molecules) suggests that the viral RNA titer in the
concentrated culture medium is approximately 3 1 106
genome copies per milliliter (i.e., 1.5 1 103 molecules 1
20 1 100). These results not only illustrated the apparent
shedding of HEV virus by the infected hepatocytes into
the media, but also demonstrated the culture system’s
ability to generate a relatively high-titer virus stock.
Immunoelectron microscopy of virus particles from
concentrated media
To assess the presence of virus-like particles (VLPs)
in the formalin-inactivated concentrated media, immuno-
electron microscopy studies were conducted using total
IgG antibodies purified from preinoculation and conva-
lescent-phase sera of a cyno which had been experimen-
FIG. 3. Duration of HEV replication in vitro from in vivo-infected ma- tally inoculated with a proven HEV-Burma inoculum. In
caque hepatocytes. Total RNA was purified from infected hepatocytes
consideration of antibody maturation, serum was col-and cell-free culture media on the indicated days postisolation and
lected from this animal during convalescence when itsplacement into tissue culture. Positive- and negative-strand-specific
RT –PCR were performed using RNA obtained from duplicate wells of anti-HEV antibody ELISA titer had begun to decline. As
27MEB. Synthetic RNA controls used in these experiments were 1- and can be seen in Fig. 6A, aggregates of HEV VLPs could
10-fg samples of the appropriate-strand RNA transcripts and 100 fg of be identified with the use of immune serum, compared
the opposite-sense strand. PCR products from one round (35 cycles)
to the presence of mostly empty and irregularly shapedof amplification were blotted and probed to detect HEV fragments am-
globular lipoprotein structures observed when the preim-plified from (A and C) positive-sense genomic strand and (B and D)
negative replicative strand RNA templates. Both positive- and negative- mune serum was used (Fig. 6B). The aggregated VLPs
strand HEV RNAs were detected from infected hepatocyte total cellular appeared to range in size from 22 to 32 nm, in which the
RNA. Only positive-sense genomic viral RNA was detected in the cul- cluster was surrounded by densely staining materials,
ture media. Lanes N indicate negative control amplification of unrelated
presumably antibodies. The concentration process andtotal cellular RNA.
subsequent formalin treatment could have contributed to
the somewhat irregular sizes of the particles observed.
use of a tangential flow filtration system. The virus-con- An immunoblot analysis of the virus-like particles using
taining serum-free medium was gradually changed into a HEV open reading frame 2-specific polyclonal antibody
sterile PBS. One liter of SFM was typically concentrated did not result in the detection of virus capsid protein. A
to a 15- to 20-ml volume and further reduced to a final minimum of 40 ng of purified recombinant ORF2 protein
volume of 3–5 ml by the use of an Amicon filter unit. As serving as internal controls in these blots was required
shown in Fig. 4, HEV titer in the cell-free culture superna- to yield a detectable signal. The virus titer in the 200-
tant was persistent up to 36 days of culture, even though fold-concentrated media sample, as determined by PCR,
each individual concentrated media sample titrated out indicated an insufficient amount of viral capsid proteins
to different endpoints by the positive-strand RT–PCR to give an immunoreactive band.
assay. Hybridization signals were generally detected be-
tween the range of 100- to 1000-fold dilutions of the con- DISCUSSION
centrated samples.
A pool of all concentrated media samples was created Since the molecular cloning of the hepatitis E virus and
the subsequent development of a diagnostic test for theby combining equivalent volumes of Day 1 through Day
36 SFM. This pool was titrated against a similarly pre- detection of anti-HEV antibody (Yarbough et al., 1991,
1994; Dawson et al., 1992), hepatitis E infection has beenpared unconcentrated media sample to determine the
approximate final concentration effect. As indicated by documented worldwide. Seroprevalence studies have
demonstrated the presence of HEV in developed countriesthe more intense signal obtained from the 100-fold dilu-
tion of the concentrated media PCR reaction than that in addition to the well-documented endemic regions of
southeast Asia, the Indian subcontinent, and parts of Af-observed for the undiluted unconcentrated sample (Fig.
5), the 200-fold concentration predicted by the volume rica. In both the United States and western Europe, sero-
prevalence of anti-HEV has been determined to be 1–3%reduction was confirmed. This was further corroborated
by the presence of a weak but detectable signal from among normal blood donor populations (Yarbough et al.,
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FIG. 4. Titration of concentrated media samples from 32MEB by positive-strand RT–PCR assay. Cell-free culture media harvested at the indicated
days postisolation were concentrated by a combination of a tangential flow filtration and Amicon stir-cell filter process. Each concentrated sample
was serially diluted and analyzed for HEV positive-sense RNA using strand-specific RT–PCR. N, negative control, amplification of cellular RNA from
unrelated cultures. Media from Days 29, 34, and 36 were concentrated as a pool. All concentrated samples were titered starting at a 1001 dilution,
except for Day 1 postisolation which started as undiluted.
1994). Positivity rates as high as 20% have been detected disease association at a frequency more in concordance
in some endemic areas (Xia et al., 1994). However, these with HEV seroprevalence needs closer examination.
seroprevalence rates are often in excess of the population Knowledge of the replicative strategy and the virus–host
burden of hepatitis E-associated symptomatic illnesses cell interaction might prove very useful.
and the clinical manifestations of disease as a result of The propagation of HEV in a human embryo lung dip-
HEV infection remain poorly understood. While seroconv- loid cell strain has recently been described, in which
ersion due to subclinical viral infection could be the rea- production of virus was monitored principally by IEM
son for the serologic findings, the apparent lack of overt using sera obtained from human patients and experimen-
tally HEV-infected chimpanzee (Huang et al., 1992). There
was no attempt to document the presence of HEV genetic
materials in the VLPs observed. In the present paper, we
demonstrate the replication of HEV in a hepatocyte cul-
ture system using a highly strand-specific RT–PCR assay
which allows the independent detection of both the posi-
tive genomic and the negative replicative strands of viral
RNA molecules.
In using PCR to monitor the process of viral replication,
it is vital to distinguish the positive and negative RNA
templates. Negative-strand RNA indicative of newly repli-
cated viral RNA must be demonstrated in the absence
of complications associated with nonspecific strand am-
FIG. 5. Comparison of PCR titer of HEV RNA in concentrated and plification. The strand-specific rTth RT–PCR assay devel-
unconcentrated media pools. Pools of concentrated and unconcen- oped for HEV was determined to confer at least 4–5
trated culture media from 32MEB were prepared by combining equal
log difference in detection specificity in discriminatingvolumes of Day 1 through 36 concentrated or unconcentrated media.
between the positive and the negative RNA strand tem-These pools were then serially diluted and analyzed by positive-strand
RT –PCR to determine the effects of the concentration process. Appro- plates. This window of detection discrimination allowed
priate-strand synthetic RNA samples of 1 to 100 fg were run as positive for assessment of the capability of the hepatocyte culture
control and also provided a semiquantitative measure for estimation system to support HEV replication.
of number of HEV genome copies present in the concentrated media
In the experiments described here, an endpoint ofpool. Opposite-strand synthetic RNA (100 fg) and lanes marked N were
negative PCR controls. 1 fg of input RNA was consistently and reproducibly
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FIG. 6. Immunoelectron microscopy studies of formalin-inactivated hepatitis E virus particles found in the 32MEB concentrated media pool. Total
IgG antibodies purified from (A) convalescent immune sera from a HEV (Burma strain) infected animal and (B) preimmune sera were used to identify
HEV VLPs. Antibodies from immune sera appeared to aggregate HEV particles ranging from 22 to 32 nm, whereas similar aggregates could not
be found with the use of preimmune sera from the same animal. The more densely staining materials surrounding the virus-like particles appear
to be anti-HEV antibodies aggregating the VLPs.
detected by a single round of 35 cycles of PCR amplifi- proximately 105 HCV genome copies/106 cells (Lanford
et al., 1994).cation and Southern hybridization using synthetic RNA
transcripts titrated over a range of 1 fg to 10 pg. In- The capacity of the hepatocyte culture system to sup-
port propagation of HEV was further substantiated by thecreasing hybridization signals can also be demon-
strated over the same range of input RNA, thus permit- detection of viral sequence in the medium. While levels
of the positive-strand genomic RNA in the medium ap-ting a semiquantitative estimation of viral genome cop-
ies. Both positive- and negative-strand viral RNA were peared to lag behind intracellular levels in the 1st few
days of culture, they soon increased to a comparabledetected in total cellular RNA starting on Day 1 postiso-
lation of the hepatocytes. The levels of both RNA amount. The finding of viral RNA in the medium is com-
pelling evidence for the productive replication of the virusstrands increased over the next week and then were
maintained for up to 65 days of culture. Detection of in the infected hepatocytes. In contrast to the earlier
report of HEV propagation in human lung cells (Huangviral RNA from the 1st day of culture is consistent with
the experimental design involving culture of hepato- et al., 1992), no cytopathic effects were observed in these
cyno hepatocytes. Therefore, the presence of viral RNAcytes infected in vivo. The robustness of the system is
clearly illustrated by the strength of the PCR signal in the culture medium clearly indicates the shedding of
virus-like particles. This was confirmed by the aggrega-obtained from amplification from 1/12 of a culture (ap-
proximately 8 1 104 cells). The positive-strand hybrid- tion of VLPs using anti-HEV immune serum by IEM. The
size distribution of the virus particles shown in Fig. 6Aization signal is at least comparable to that generated
from 1.5 1 104 copies (10 fg) of synthetic RNA tran- appears to differ somewhat from those traditionally de-
tected in stool samples of hepatitis E-infected humanscripts, yielding an estimated 1.8 1 105 intracellular
viral RNA copies for each well of the six-well plate. patients and experimentally inoculated animals (Bradley
et al., 1987, 1988a). It should be pointed out, however,The HEV virus production in these studies is similar
to the estimation reported earlier for HCV in an in vitro that these tissue culture-derived viruses have undergone
a concentration process as well as a formalin-inactiva-infection of chimpanzee hepatocyte experiment of ap-
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layan, M. S., Stetler, H., Velazquez, O., Robertson, B., Humphrey,tion procedure. The effects of these procedures on the
C. D., Kane, M., and Weisfuse, I. (1988b). Aetiology agent of enter-appearance of the VLPs are uncertain at this point. Nev-
ically transmitted non-A, non-B hepatitis. J. Gen. Virol. 69, 731–738.
ertheless, the infectivity of noninactivated tissue culture- Dawson, G. J., Chau, K. H., Cabal, C. M., Yarbough, P. O., Reyes, G. R.,
derived viruses has since been proven by serial passage and Mushahwar, I. K. (1992). Solid-phase enzyme-linked immunosor-
bent assay for hepatitis E virus IgG and IgM antibodies utilizingin an in vitro infection experiment using normal primary
recombinant antigens and synthetic peptides. J. Virol. Methods 38,hepatocytes.2
175–186.It has long been recognized that cultivation of hepa-
Eichberg, J. W. (1985). Liver wedge biopsy in nonhuman primates. J.
totropic viruses is not a trivial undertaking. The suc- Med. Primatol. 14, 165–168.
cessful in vitro propagation of hepatitis A virus was Huang, R. T., Li, D. R., Wei, J., Yuan, X. T., and Tian, X. (1992). Isolation
and identification of hepatitis E virus in Xinjiang, China. J. Gen. Virol.accomplished by forced adaptation to growth in non-
73, 1143–1148.liver-cell lines (reviewed in Ross et al., 1991), and a
Jacob, J. R., Eichberg, J. W., and Lanford, R. E. (1989). In vitro replicationcritical need still exists to develop a robust system
and expression of hepatitis B virus from chronically infected primary
capable of supporting human hepadna virus replica- chimpanzee hepatocytes. Hepatology 10, 921–927.
tion. Confirming earlier reports of the use of primary Jacob, J. R., Sureau, C., Burk, K. H., Eichberg, J. W., Dressman, G. R.,
and Lanford, R. E. (1991). In vitro replication of non-A, non-B hepatitishepatocytes cultivated in serum-free media for the in
virus. In ‘‘Viral Hepatitis and Liver Disease’’ (F. B. Hollinger, S. M.vitro propagation of HDV (Sureau et al., 1991) and more
Lemon, and H. S. Margolis, Eds.), pp. 387–392. Williams and Wilkins,recently HCV (Lanford et al., 1994), these studies
Baltimore.
clearly demonstrate the utility of this hepatocyte cul- Khuroo, M. S. (1980). Study of an epidemic of non-A, non-B hepatitis:
ture system in cultivating HEV. Furthermore, the results Possibility of another hepatitis virus distinct from post-transfusion
non-A, non-B type. Am. J. Med. 68, 818–824.presented here will form a basis allowing development
Koonin, E. V., Gorbalenya, A. E., Purdy, M. A., Rozanov, M. N., Reyes,of an in vitro HEV infection model. The ability to reliably
G. R., and Bradley, D. W. (1992). Computer-assisted assignment ofgrow HEV in vitro will provide a model to further study
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